The developmental profile of pulmonary glycogen was investigated in fetuses of rats made diabetic before conception with the injection of 40 mg/kg streptozotocin.
Pulmonary glycogen phosphorylase A activity was significantly decreased in the diabetic litters on the final days of gestation, at the same time that the delay in glycogen breakdown became evident. Pulmonary glycogen synthase activity did not differ in the control and diabetic fetuses.
Speculation
The delay in pulmonary glycogen degradation seen in the fetus of the diabetic gestation is thus temporally related to the delay in lung maturation seen in this model and may be secondary to a decrease in the activity of the glycogenolytic enzyme phosphorylase A. Decreased availability of pulmonary glycogen stores for surfactant synthesis may be important in elucidating the mechanism of the delayed pulmonic maturation seen in fetuses of diabetic pregnancies.
There is a growing body of evidence that implicates glucose, and its storage form glycogen, in the biosynthesis of surface active phospholipids in the developing fetus (11, 36, 42) . Pulmonary glycogen content, which increases throughout most of gestation, falls rapidly near term, coincident with the appearance of lamellar bodies in alveolar type I1 cells and with an increase in choline incorporation into the surface active ~h o s~h o l i~i d fraction (27. 44) . fhese maturational processes-the ialI & pu&onary glycogen; the rise in surfactant svnthesis, and the amearance of lamellar bodies-are all accelerated by the admini'siration of exogenous glucocorticoids (14, 23, 29, 31, 32) . In a retrospective analysis, Robert et al. (3 1 ) showed that infants of diabetic pregnancies have a 5.6 times greater risk of developing the respiratory distress syndrome than those of nondiabetic gestations. It might therefore be expected that fetuses of diabetic pregnancies would have coincident aberrations in surfactant production and pulmonary glycogen metabolism. Indeed, increased pulmonary glycogen stores have been observed in fetal (39) and newborn (35) animals born to diabetic mothers; however, others report diminished glycogen content in the lungs of fetuses of experimental diabetic pregnancies (43) .
We used the streptozotocin diabetic rat as a means of studying fetal pulmonary glycogen metabolism throughout the diabetic gestation, in an effort to clarify the role of substrate availability with respect to the observed delay in lung maturation seen in the diabetic pregnancy (4, 31, 39, 40) . In addition, the activities of enzymes of glycogen synthesis and breakdown were measured in order to gain an understanding of control mechanisms of glycogen metabolism in the developing fetal lung and its relationship to phospholipid synthesis.
MATERIALS AND METHODS
The diabetic state was induced in nonpregnant adult female Sprague-Dawley rats (Charles River Breeding Laboratories, Cambridge, MA) by the intravenous injection of 40 mg/kg of streptozotocin (courtesy of Upjohn Co., Kalamazoo, MI), a potent and specific pancreatic beta-cell cytotoxin (20) , dissolved in 0.1 M sodium citrate buffer, pH 4.5. Control females were injected with an equivalent amount of buffer solution. Standard rat chow and water were offered ad libitum.
The females were then caged with adult male rats each night. Mating was confirmed by the presence of a copulatory plug and sperm on a vaginal swab. The morning after mating occurred was designated day 1 of gestation.
Blood samples for glucose and insulin determination were obtained before injection and again at time of decapitation. Determination of ketonemia was done at time of killing using Acetest tablets (Ames Co., Elkhart, IN).
Animals were killed by decapitation from day 16 through term (day 22). The uteri were rapidly removed and immediately placed on ice. Fetuses were then killed by decapitation, and blood was collected for glucose and insulin determination, after which the fetal lungs were dissected free of nonpulmonary tissue and were frozen in glass tubes in an ethanol/dry ice bath within 15 sec of decapitation. Lungs were then stored at -70°C. until analyzed. Two to four fetuses from each litter were set aside for determination of lung and body weights.
Glycogen content was assayed using a previously described modification (27) of the method of Lowry and Passoneau (26) , in which the fluorometric measurement of NADPH generated from glucose-6-phosphate is used as an index of glycogen concentration.
Glycogen synthase (EC 2.4.1.11) activity ('A' and total) was determined by measuring the rate of incorporation of ['4C]-glucose from UDP-['4C]-glucose into glycogen, as described by Eisen et al. (9) and modified for fetal rat lung by Maniscalco et al. (27) .
Glycogen phosphorylase (EC 2.4.1.1) activity was measured in the direction of glycogen breakdown, using a modification of previously described methods (27, 38) . The frozen lungs were homogenized on ice in 10 volumes (w/v) of a solution containing 100 mM NaF and 50 mM tris-succinate buffer, pH 6.9. For determination of glycogen phosphorylase A, the homogenate was then re incubated with 5' adenvlic acid deaminase (EC 3.5.4.6; sigma Chemical Co., St. ~o u i s ,~ MO) 3.4 units/ml hbmogenate; for 15 min in a 30°C water bath (33) to remove endogenous 5' i9 AMP, a potent stimulator of phosphorylase B activity (41) . Glycogen phosphorylase A activity was then measured by adding the homogenate to an assay mix consisting of 50 mM imidazole buffer, pH 6.9,30 mM NaF, 3 mM KH2P04, 0.2 mM EDTA, 0.7 m g / d glycogen, 0.9 units/ml glucose-6-phosphate dehydrogenase, 0.45 units/ml phosphoglucomutase, and 0.4 mM caffeine. The rate of NADPH generation was measured on a fluorimeter (Perkin-Elmer Co., Norwalk, CT) on the linear part of the assay curve. For total phosphorylase (A + B) determination, a preincubation with a solution of 60 mM ATP and 200 mM MgCL, pH 7.0, 100 pl/ml homogenate, for 30 min in a 30°C water bath, was performed (33) . Activity was then assayed as for phosphorylase A, except in medium without caffeine, but with the addition of 1.5 mM 5' AMP.
Lipids were extracted with chloroform and methanol according to the method of Bligh and Dyer (3). After thin layer chromatography (27) , phospholipids were quantified by phosphorus determination (2). Disaturated phosphatidylcholine was isolated after oxidation with OsO4 according to a modification of the procedure of Mason et al. (28) .
Protein content was assayed using the method of Lowry (25) . DNA concentration was measured as described by Hill and Whatley (18) . Determination of plasma glucose concentration was done using an automated glucose oxidase method (YSI model 23A Glucose Analyzer; Yellow Springs Instrument Co., Yellow Springs, OH). Insulin was measured according to the method of Rosselin et al. (34) .
All enzymes and biochemicals were obtained from Sigma Co., St. Louis, MO. UDP-[14C]-glucose was obtained from New England Nuclear, Boston, MA.
Statistical calculations used the Student t test; one-tailed analysis was used when appropriate (12) . Arcsine transformation (phi) was used when ratios were analyzed (7).
RESULTS
Streptozotocin injection resulted in a manifest diabetic state, with the animals exhibiting polyuria, polydipsia, and glucosuria. As seen in Table 1 , the mean maternal plasma glucose concentration at the time of termination of pregnancy was 498 f 11 (S.E.) mg% versus 104 f 2 mg% for the control mothers. Acetonemia was not seen in the diabetic group, in agreement with other studies (10, 21) .
Fetal hyperglycemia was also manifested by the diabetic group, with plasma glucose concentrations of 355 f 10 mg% versus 5 1 f 4 mg% for the wntrol group. Expressed as a percentage of concurrent maternal blood sugar concentration,, the diabetic fetuses had levels approximating 70% of maternal values, as opposed to only about 50% for the control litters. Fetal hyperinsulinemia was not present, the diabetic litters having insulin levels of 75 + 8 (S.E.) p U / d versus 83 f 9 pU/ml for the controls. In fact, relative to their blood glucose levels, the diabetic litters were hypoinsulinemic.
Litter size was slightly, but not significantly, decreased in the diabetic group: 11.9 f 0.5 (S.E.) versus 13.2 + 0.4 (Table 1 ).
There was a consistent diminution in the size of the diabetic fetuses for each day under study (Table 2) . When compared with control fetuses, there was significant growth retardation in the three fetal organs examined (brain, liver, and lung), each of which was approximately 20-30% reduced in weight. In contrast, placentas of the diabetic group were markedly increased in weight from the 18th day on. Dry/wet weight ratios did not differ in the two groups. Pulmonary DNA concentration in the diabetic litters were not different from control values (Table 3) ; protein concentration was somewhat diminished in the diabetic group, but attained statistical significance only on day 22 (Table 3) . Figure 1 represents pulmonary glycogen concentration in the diabetic and control litters as a function of gestational age. Lungs of control litters showed an increasing pulmonary glycogen content from day 16 to day 20, peaking at 256 pg/mg protein, followed by a significant decline by term (22 days). In contrast, the diabetic litters, which had pulmonary glycogen concentrations equal to
Glycogen synthase, responsible for the addition of UDP-glucose moieties to the elongating glycogen chain, is thought to exist in at least two interconvertible forms: 'A' (dephosphorylated), thought to be the active form, and 'B', the inactive, phosphorylated form (24) . Total (A + B) glycogen synthase activity, expressed as pmole UDPG incorporated/min/mg protein, is shown in Figure 2 . Both diabetic and control lungs showed a 3-fold increase in synthase activity from day 18 to day 22, and no significant differences were evident between the two groups. ~l~c o g e n synthase A activity also showed an approximately 2-fold increase over the period from day 18 to 22 ( Fig. 3) . Again, no significant differences were noted between diabetic and control lungs. When expressed as the ratio of active/total activity [ Fig. 4 , ratios are compared after using the arcsine transformation (7) ] both the diabetic and control litters showed a decline from approximately 0.29 to 0.15 from days 19 to 22, coincident with the decline in glycogen concentration late in gestation.
Glycogen phosphorylase, the rate limiting enzyme in glycogen degradation (17) also exists in two interconvertible forms: 'A', the active phosphorylated form and 'B', the inactive enzyme. As seen in Figure 5 , no significant differences were found in the total (A + B) phosphorylase activity between the diabetic and control litters, both of which showed an increase with increasing gestational age. The diabetic animals appeared to have significantly decreased activity of the active (A) enzyme on the final three days of gestation (Fig. 6) , precisely the time when the delay in glycogen breakdown became evident. Similarly, the ratio of active/total (corrected using the arcsine transformation (7)) activity in the diabetics was significantly decreased from day 20 to day 22 (Fig.  7) . DAY OF GESTATION Fig. 7 . % active/total phosphorylase activity, expressed using 9, the arcsine transformation, with the corresponding percentages depicted on the right. Significant differences are seen on each of the last three days of gestation. Table 4 expresses the results of the analysis of total phospholipid, phosphatidylcholine, and disaturated phosphatidylcholine for day 21 in diabetic and control fetuses. Lungs of diabetic litters had small, but significant, decreases in all three parameters, consistent with a delay in lung maturation. No significant differences were noted on days 19, 20, and 22 (13) .
DISCUSSION
We have demonstrated that the lungs of fetuses of diabetic rat pregnancies follow a normal pattern of glycogen deposition until the 20th day of gestation, after which time pulmonary glycogen ' Results expressed as pg phosphorus/mg protein.
concentration is significantly increased compared to controls. This finding has been related to a decrease in the accumulation of surface active phospholipids in the diabetic offspring, occurring at the same time in gestation (day 21). These data support the concept of glycogen as a substrate for surfactant synthesis and provide evidence for a relationship between lung glycogen and lung functional maturation. Because glucose metabolism is important in the biosynthesis of surface active phospholipids in the adult lung (1 I, 36, 42) , it is likely that it is similarly important in the fetal lung. Pulmonary glycogen stores rise early in normal pregnancy, only to decline late in gestation, concurrent with the rapid rise in phosphatidylcholine synthesis (27) . Gilden et al. (14) showed that glucocorticoid administration resulted in a decrease in pulmonary glycogen content and a significantly enhanced incorporation of radioactive glucose into both glycogen and phosphatidylcholine. In view of the increased glucose consumption and glycogen turnover rates, coupled with the increased incorporation of glucose into phosphatidylcholine, it was suggested that glycogen is a source of glucose for surfactant synthesis. Both normal lung maturation (44) and maturation accelerated by exogenous steroids (23, 29, 32) have been correlated with rapid declines in pulmonary glycogen stores, also suggesting a role for glycogen as a substrate source in surfactant synthesis. Previous studies (5, 27) on normal gestation demonstrated a correlation between increasing activity of phosphorylase A and glycogen depletion. Our data is in good agreement with these findings and suggests that an increase in phosphorylase A activity leads to degradation of pulmonary glycogen in the developing lung. Similarly, active/total phosphorylase is low during glycogen accumulation and rises concomitant with its breakdown.
When expressed as a ratio of active/total glycogen synthetase, the data also suggest a correlation between glycogen accumulation and increased ratio of active/total synthase, and between breakdown and decreased active/total synthase in both the diabetics and controls. The differences in glycogen concentration seen late in the diabetic gestation could not be accounted for by synthase A measurements. Intermediate forms of synthase, (22, 37) however, may be important in glycogen regulation in the diabetic gestation.
Our data helps explain discrepancies between various studies showing either an increase (35, 39) or a decrease (43) in pulmonary glycogen content in the diabetic pregnancy, and highlights the importance of following a rapidly changing parameter throughout development. No differences will be seen early in development; only late in gestation, i.e., after day 20 in the rat pregnancy, will the increase in glycogen content become evident.
The concept of substrate regulation of glycogen metabolism has been well studied in the liver (17) . Phosphorylase A concentration appears to be a major factor in the control of glycogen metabolism in the liver, because this enzyme controls the rate limiting step in glycogen breakdown, and also, by controlling synthase phosphatase, inhibits synthase A (17). Glucose itself inhibits phosphorylase A by decreasing site affinity of the enzyme for glucose-l-phosphate binding sites. It also markedly activates phosphorylase phosphatase, thus decreasing phosphorylase A activity (19) , and increases synthase A, probably via phosphorylase A mediated synthase phosphatase inhibition (6, 15, 17) . This scheme would appear, on the basis of our data, to be applicable to the fetal lung as well, with fetal hyperglycemia possibly resulting in decreased phosphorylase A activity, in turn leading to decrease in glycogen breakdown at a time when degradative processes usually predominate.
Our diabetic model differs from the human diabetic pregnancy in that it does not display hyperinsulinemia, a finding consistent with other investigators using this model, who found either no change (16, 30) or a decrease (10) in fetal plasma insulin, and a degranulation of fetal pancreatic beta cells in spite of islet hypertrophy and beta cell hyperplasia (1). In fact, the fetuses are relatively hypoinsulinemic with respect to their blood sugars, suggesting intrauterine beta cell exhaustion. This would also go along with the lack of macrosomia noted in this model (8, 16,30) . Bose et al. (4) also noted equivalent fetal insulin levels, a decreased fetal glucose/insulin ratio and a lack of tissue overgrowth in their alloxan rabbit model. The injection of the rats prior to impregnation negates the possibility of a direct toxic effect of streptozotocin on the fetal pancreas.
The delay in lung maturation seen in this model may thus be the result of substrate excess, rather than hyperinsulinemia, just as the changes in glycogen metabolism would appear to be under the regulation of substrate rather than insulin. However, insulin levels alone may not be sufficient to characterize the diabetic fetuses; insulin receptor number and affinity may be of considerable importance. We hypothesize the substrate excess could lead to delayed fetal lung maturation either by an interference with the utilization of glycogen as a substrate source in surfactant synthesis, or, alternatively, by suppression of the glucocorticoid surge late in gestation. We can thus speculate that substrate excess directs the organism to growth rather than maturation.
In summary, we have found that pulmonary glycogen concentration in the fetus of the streptozotocin diabetic rat follows a normal pattern until the final two days of gestation, after which time a delay in glycogen degradation occurs. This delay in glycogen breakdown may be secondary to a decrease in the activity of the glycogenolytic enzyme phosphorylase A, resulting from an excessive glucose milieu. Glycogen synthase activity appears less important in the regulation of pulmonary glycogen metabolism late in gestation, recognizing, of course, that enzyme activities measured under ideal in vitro conditions may not accurately reflect the actual in vivo situation. If the breakdown of pulmonary glycogen is indeed an important event in providing substrate for the synthesis of surface active materials, the finding of increased glycogen may help in elucidating a mechanism of the delayed pulmonic maturation seen in fetuses of diabetic pregnancies.
